have yielded average molecular weights as high as 4000-10,000 amu (atomic mass unit) 1) 4) . Based on these data, it has been suggested that asphaltenes are composed of aromatic clusters as large as 10-20 rings 5), 6) . Laser desorption mass spectrometry experiments, however, gave a molecular weight of 400 amu 7) , and recent fluorescence depolarization measurements produced an average molecular weight of 750 amu for asphaltenes 8) , 9) . Recently, high-resolution Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) has been used to evaluate the compositional complexity of many species in crude oil at the molecular level 10 ), 11) . Many average model structures for heavy carbonaceous materials, including asphaltenes, have been constructed on the basis of structural data. Computer modeling of asphaltenes 12) , 13) and coal extracts 14) , 15) has shown that aggregated structures are the most stable conformations. X-ray diffraction (XRD) and smallangle X-ray scattering (SAXS) measurements of asphaltene aggregates also indicated that the core aggregates, which consist of aromatic sheets of asphaltene molecules, are stable and can be sustained up to 573 K 16) . If aggregation is so strong that the structure cannot be dissociated during heating, it could be responsible for the formation of coke precursors. Thus, asphaltenes may be responsible for the detrimental formation of coke precursor and the deactivation of catalysts.
In this review, a molecular simulation method to evaluate the aggregation of asphaltenes and the relaxation of the aggregates is introduced. The effects of heat-induced and solvent-induced relaxations on asphaltene properties and reactivity are described.
Experiments

1. Structural Analyses
Asphaltene (n-heptane insolubles) obtained from the fractionation of Khafji VR with n-heptane was used as the sample. The elemental composition and several physical properties are listed in Table 1 .
Solution-phase
1 H nuclear magnetic resonance (NMR) and 13 C NMR spectra were measured in DCCl3 (99.5 %) on a JEOL Lambda 500 NMR spectrometer with TMS as the internal standard. To analyze the distribution of molecular weights, laser desorption mass spectrometry (LD/MS) was performed on a Kratos Kompact MALDI III linear/refrectron time-of flight mass spectrometer. Two thousand scans were accumulated for each sample.
Construction of Structural Model
A model structure was constructed using the following Sato's method 17) . The method requires the following input data: the number of aromatic carbon and hydrogen atoms, the total number of both of these atoms, and the hydrogen atoms positioned α, β, and γ to the aromatic rings. These data are calculated from the results of elemental analysis, 1 H and 13 C NMR analyses, and average molecular weight measurements ( Table 2) . The method then calculates a set of parameters of average molecular structures and a density and judges the geometry of the parameters using five floating parameters: the number of fused rings, the number of internal aromatic carbon atoms, the number of carbon atoms in fused ring units, and the number of naphthenic secondary carbon atoms positioned α to aromatic rings and paraffinic chain terminals on aromatic rings. One such average model structure is shown in Fig. 1 
18)
. The model is composed of three different molecules constructed to express a range of chemical structures, the average values of which are consistent with the structural parameters obtained experimentally.
In Table 2 , Mwus is the average molecular weight of the aromatic unit structures, calculated as follows: the total molecular weight of the model structures in Fig. 1 is 2028, and the average weight per aromatic unit is 2028/4 507. This value is in good agreement with the experimentally obtained value calculated from the LD/MS data shown in Fig. 2 . It was also assumed that the sulfur, nitrogen, and oxygen atoms formed thio- phenic and sulfide, pyridinic, and hydroxyl groups, respectively.
3. Property Change by Pyrolysis
Approximately 2 g of asphaltene and 8 g of solvent (1-methylnaphthalene and quinoline) were placed in an autoclave and purged with nitrogen to 5.0 MPa at room temperature. The autoclave was heated to 573 K within a few minutes, and the asphaltene sample was pretreated with solvent at this temperature for 1 h. The autoclave was then heated to 713 K at a rate of 2 K/min. After pyrolysis, the autoclave was cooled in an ice water bath to room temperature within a few minutes. Toluene was used to separate the product into coke (toluene insolubles) and a mixture of asphaltenes and maltenes. n-Heptane was then used to separate the latter fraction into asphaltenes (n-heptane insolubles) and maltenes (n-heptane solubles). As a control, the same pyrolysis procedure was also performed without solvent.
Molecular Simulation
1. Minimum Energy Conformation
An energy-minimized conformation for the average model structure in Fig. 1 was determined using molecular mechanics (MM) and molecular dynamics (MD) methods. The Cerius2 software package (version 4.6, Accelrys Inc.) was run on an OCTANE graphic workstation (Silicon Graphics Inc). The DREIDING 2.02 method was used for force-field calculations 19) . The potential energy (E) for an arbitrary geometry of a molecule is expressed as a combination of bonded torsions, which depend on the covalent bonds of the structure and nonbonded interactions, which depend only on the distance between atoms. The bonded terms consist of bond length torsion (Eb), bond angle torsion (EΘ), dihedral angle torsion (Eφ), and inversion (Ei), while the nonbonded terms consist of van der Waals (Evdw), electrostatic (Eel), and hydrogen bond (Ehb) energies.
The MM and MD calculations were repeated to minimize the total potential energy of the model structure. Several local minima were obtained. In most cases, the aggregated conformation was the most stable, consisting of aromatic clusters that formed gross layered structures surrounded by alkyl side chains, which agrees with results reported elsewhere 12),13),20),21) .
2. Heat-induced Relaxation
The MD calculation was conducted at constant pressure and temperature (NPT) under periodic boundary conditions from 373 to 673 K. Charges were updated every 0.01 ps, and both cell size and potential energy were changeable. Higher temperatures increased the mobility of each atom, and the structures shifted in order to lower the total energy of the system.
Solvent-induced Relaxation
The interaction between the asphaltene aggregates and the solvent, and the structural changes of the aggregates in the presence of solvent, were simulated. 1-Methylnaphthalene and quinoline were used as solvents. Thirty solvent molecules were disposed around the minimum energy conformations of each asphaltene aggregate. First, MM calculations optimized the potential energy of the total system, and MD calculations were performed for 100-300 ps under periodic boundary conditions at 573 K.
4. Evaluation of Various Interactions on the
Stability of Asphaltene Aggregates Two "imaginary" simulations were carried out to determine the contributions of various interactions between asphaltene molecules to the stability of the aggregated structure. First, all aliphatic side-chain carbon atoms were removed from the original model structure shown in Fig. 1 , and MD calculations were performed from 300 to 673 K. If the aliphatic side chains contributed to the stability of the asphaltene aggregates, then the aggregated structure should dissociate more easily after their removal. Next, all of the sulfur, oxygen, and nitrogen atoms were replaced with carbon atoms followed by MD calculations over the same temperature range. This allowed the effects of polar functional groups on the stability of the aggregated structure to be evaluated.
Results and Discussion
1. Stable Conformation
The minimum energy structure for the asphaltene in Fig. 1 is shown in Fig. 3 . As reported previously 12), 13) , the aggregated structures consist of aromatic clusters that form gross layers through π-π interactions; these layers are then surrounded with alkyl side chains in the most stable conformation. Electrostatic interactions also contributed to the stabilization of this conformation.
A density simulation was conducted on the model structure to check the validity of the aggregated structure in Fig. 3 . The details of the simulation procedure have been described elsewhere 22) . For styrene 22) and coal models 23) 26) , the densities estimated using this approach were in good agreement with experimental values. The estimated density for the energy-minimum conformation in Fig. 3 was 1 .10 g/cm 3 , in agreement with the observed value of 1.168 g/cm 3 .
2. Heat-induced Relaxation
Changes at three interaction sites were monitored during MD simulations on the aggregated structure in Fig. 3 : the distances between carbon atoms on aromatic clusters a-b and b-c (Fig. 3) and the distance of the hydrogen bond between two hydroxyl groups (Fig. 3) . If the structure dissociated with decreasing total energy, these distances increased. Conversely, if further aggregation is more energetically favorable at a given temperature, changes in these distances should be small. Figure 4 shows the changes in these three interaction sites during the MD simulation. At 300 K (Fig. 4(a) ), the distances of the hydrogen bond and the a-b cluster changed slightly and the b-c distance was essentially unchanged. Thus, the aggregated structure would not dissociate at 300 K. At 523 K, as shown in Fig. 4(b) , the two aromaticaromatic interactions between a-b and b-c clusters do not appear to have changed significantly, suggesting that they are stable at this temperature. The hydrogen bond distance at 50 ps had changed significantly ( 10 Å) but returned to its original value after 60 ps. Thus, while the hydrogen bond seems to dissociate at this temperature, the stability of the aromatic-aromatic interactions allowed the hydrogen bond to reform.
At 673 K (Fig. 4(c) ), the change in the b-c aromatic cluster distance was small. Figure 5 shows a snapshot of the conformation at around 85 ps from the original structure (Fig. 4(c), arrow) . The aggregate structure is still intact at a temperature at which some chemical reactions, such as decomposition, would occur. This result suggests that because the inside of the aggregate may not be accessible to hydrogen during decomposition, undissociated aggregates may be present in heavier fractions like a coke precursor. Figure 6 shows the asphaltene aggregate conformation following MD calculations with 30 molecules of 1-methylnaphthalene. If the asphaltene aggregates interact favorably with the surrounding 1-methylnaphthalene molecules and form a more stable conformation during the MD calculation, then the monitored bond distances should be longer relative to those in the original aggregate structure. Figure 7 (a) shows changes in the aromatic cluster and hydrogen bond distances following MD calculations in 1-methylnaphthalene at 573 K. The changes were essentially similar to those without solvent at 300 K in Fig. 4(a) , suggesting that the effects of 1-methylnaphthalene at 573 K on the dissociation of asphaltene aggregates were negligible.
3. Solvent-induced Relaxation
In contrast, Fig. 7(b) shows the result of the same calculations in quinoline. A significant change in the a-b aromatic cluster distance was observed after 40 ps, reaching 9 Å after approximately 70 ps. This result indicates that aromatic-aromatic interactions can be partly dissociated by the presence of quinoline. The differences in aggregate bond distances in 1-methylnaphthlene ( Fig. 7(a) ) relative to those in quinoline may be attributed to a difference in solvent strength. Dietz et al. 27) and Tewari et al. 28) reported that quinoline forms hydrogen bonds with the hydroxyl groups in coal asphaltenes because of the strong basicity of quinoline. This basic property of quinoline may ultimately release the asphaltene aggregates, as shown in Fig. 7(b) .
In addition, the effect of interaction of resin on the structural relaxation of the asphaltene aggregates during heating was investigated 29) . It was simulated that part of asphaltene aggregates was dissociated by the attack of resin molecules disposed around the aggregates. This result indicates that the original resin may have the effect of relaxing the asphaltene aggregates partly.
Effect of Solvent-induced Relaxation on
Pyrolysis The effects of solvent pretreatment on subsequent pyrolysis were investigated 30) . Figure 8 shows the fraction distributions of asphaltene after pyrolysis at 713 K. In the absence of solvent (symbol "No" in Fig. 8) , the yield of coke was 48 % and did not change significantly after holding the sample at 573 K for 1 h ("No/Re"). This indicates that no significant chemical reactions occurred within the aggregate prior to pyrolysis. the yield of coke was 40 % and 39 %, with and without the pretreatment step, respectively. While the coke yields were lower than those in the absence of solvent, no effects due to solvent pretreatment were observed in 1-methylnaphthalene. In the case of quinoline, however, the coke yields with and without solvent pretreatment were 31 % and 36 %, respectively. Thus, significant structural changes occurred after pretreatment in quinoline at 573 K for 1 h. As described above, asphaltene alone did not undergo any significant chemical reactions at 573 K, and the hydrogen-donating ability of quinoline is relatively small. Therefore, the decrease in coke yield by pretreatment with quinoline may be due to structural changes in asphaltene driven by hydrogen bonds between the asphaltene and quinoline, as reported by Dietz et al. 27) and Tewari et al. 28) . Both the pyrolysis and computer simulation results indicate partial dissociation of the asphaltene aggregates during quinoline pretreatment. This dissociation would help reduce coking reactions by preventing polymerization of the asphaltene aggregates. As described above, part of the aggregated structure did not appear to be dissociated even at 673 K. The aggregation of asphaltene can be strongly correlated to polymerization reactions that lead to coke formation.
5. Effect of Functional Groups on the Stability of
the Aggregated Structure Asphaltenes are characterized by a large number of long alkyl chains attached to aromatic ring systems. The solubility of asphaltenes in ordinary solvents is influenced by the number of alkyl chains. In addition, the number of polar nitrogen, sulfur, and oxygen functional groups also affects the solubility of asphaltenes. It seems reasonable, then, that aliphatic side chains and polar groups can influence the stability of aggregates. Figure 9 shows the result of an MD simulation at 623 K for a model asphaltene structure in which all of the aliphatic side chains were removed. A greater a-b distance was observed relative to that of the original structure in Fig. 4(c) . Because dissociation occurs more readily and at lower temperatures in the absence of aliphatic side chains, they must contribute to the aggregate stability. A decrease in interaction energy was observed after chain removal, mainly because van der Waals interactions between aliphatic side-chain carbon atoms reduced the stability of the aggregated structure. Entanglement of aliphatic chains may also contribute to the stability of the aggregated structures. Figure 10 shows the result of an MD simulation at 623 K for a model compound in which all of the heteroatoms were replaced with carbon. In coal models, polar functional groups attached to aromatic clusters have been reported to contribute to the strength of the entire aggregate through cooperative aromatic-aromatic interactions 15),31), 32) . Figure 10 shows that significant changes occurred in the a-b and b-c cluster distances relative to those in the original structure in Fig. 1 . Thus, the two pyridinic nitrogen atoms and two sulfur atoms help stabilize b-c aggregates through electrostatic interactions. Indeed, the electrostatic energy term (Eel in Eq. (1)) decreased greatly after replacement of the heteroatoms with carbon atoms. Comparing Figs. 9 and 10, the effect of removing polar functional groups seems to be greater than that of removing aliphatic chains. It is clear, however, that both functionalities act cooperatively to stabilize asphaltene aggregates in addition to the primary aromatic-aromatic stacking interactions.
Finally, the relative contributions of each type of interaction (aromatic stacking, aliphatic ring entanglement, heteroatom interactions, or hydrogen bonding) to the overall aggregation energy of asphaltene were estimated as shown in Fig. 11 . As expected, the contribution of aromatic-aromatic interactions was large and accounted for approximately half of the total aggregation energy. The contribution of aliphatic side-chain entanglement was also relatively large ( 27 %) and that of heteroatoms was 20 %. In addition to these interactions, local contributions, such as interactions with metals like vanadium and nickel, should be also considered.
Conclusions
In Supra-Molecular Asphaltene Relaxation Technology (SMART), ordinary solvents were used to relax asphaltene aggregates prior to pyrolysis. Some stacking interactions appear to be disrupted in quinoline at 573 K, while no such effects were observed in 1-methylnaphthalene. Autoclave experiments indicated that the coke yield after pyrolysis at 713 K was significantly decreased when the asphaltene aggregates were presoaked in quinoline for 1 h. However, pretreatment in 1-methylnaphthalene did not significantly change the coke yield.
In commercialized processes, any residual fraction may be available as a relaxation agent. The SMART process described in the current review can be used to suppress the formation of coke precursors originating from asphaltene aggregates and to further our understanding of molecular and supra-molecular structures. 
